The production and transportation of petroleum fluids could be severely affected by deposition of suspended particles (i.e. asphaltene, paraffin/wax, sand and/or diamondoids) in the production wells and/or transfer pipelines.
INTRODUCTION
Numerous experimental works have revealed the colloidal nature of the heavy asphaltene fraction of a crude oil. We consider the asphaltenes to exist in crude oil as both dissolved and suspended particles (1, 2, 3). Lahcratory analyses revealed that the crude oils produced in this marine zone generated large amounts of aspfraltic sludges upon contact with hydrochloric acid.
Thus, a different well-stimulation technique was developed in order to prevent the formation of asphaltic sludges. Nonetheless, the problem persisted and organic deposits were again detected. A chemical analysis of the heavy organic material encountered in the separation equipment revealed they were comprised mainly of asphaltenes, neutral resins, asphaltogenic acids and carbenes (asphaltogenic acids and carbenes were present in small proportions). 'flris suggested that somehow the blending of different crude oils resulted in a@raltene flocculation and deposition.
Therefore, each of the crude oil streams arriving at the Campeche marine platform were submitted to "electrodepositiosr"', "deposition due to temperature drop", and "settling by centrifuge" tesLs.
The "electrodepoaition" tests performed were intended to qualitatively simulate the tendency of the crurfe oils to deposit due to streaming potentials.
A streaming potential is generated when a fluid containing charged species (e.g. asphaltenes) flows through a channel.
However, negligible amounts of depmition were found in these "electrodeposition tests" from all the samples analysed.
Tfma concluding that a streaming potential was not a cause for the deposits observed
Ihe "deposition-due-to-temperature-drop"' tests revealed that the samples showed a negligible tendency to form paraffirrlwax depo..its. All 344 the crude oil samples deposited less than 0.2 wt% of paraffin due to temperature drop. Even this small percentage could cause serious problems if the operating temperature falls below the freezing point of the paraffins/wax.
The "settling-by-centrifuge" tests were intended to simulate the heavy organic depo..ition due to gravitational forces. In these tests the samples were centrifuged at high (24~rpm) and moderate (1200 rpm) velocities.
The experiments were carried out at O, 10, 20, 30, 40, 50 "C, and test durations of 10 & 30 minutes.
The cloud point of the samples was gerrerafly below 5WC (see Table 1 ).
F@rre 1 shows the results for crude oil Abkatun-93. This crude oil has an API gravity of 26.3g with a n-CT asphaltene content of 5.02 wt%. The cloud of this crude oil is 45"C. From this figure we ohserve negligible amounts of deposition at 50"C. This is hardly surprising since this temperature is ahove the cloud point of the cmde. The sediments detected from this sample at 50W were found to be insoluble in aromatic solvents. At lower temperatures the amount of sedimentation observed is due to paraffirdwax liquid-solid phase transition. Figure 2 contains the results obtained for PoI-73. This crude oil has an API gravity of 31.65 and a n-CT asphaltene content of 0.g5 w%. The cloud point for this crude oil was found to be 44"C.
Again, negligible sedimentation is observed at 50°C which is insoluble in aromatic solvents. The sediments at lower temperatures are due to paraffinlwax.
The crude oil Chuc was also submitted to this test and showed negligible amounts of sedimentations at all test conditions. This is a light crude oil with an API gravity of 35.1 and its n-CT asphaltene content is only 0.50 wt%. This mixture has an API gravity of 29.94 and a n-CT a~phaftene content of 2.29 wt%. The cloud point of this mixture wa~found to be 46"C.
It is observed, from Figure 3 , that this mixture presents an appreciable percentage of deposition at 50"C. The amounts of sedimenk here are higher than those for the pure cmde oils, especial] y for duration times of 30 minutes for all the temperature range. At 50°C the .sedinsent from thk mixture ranges from 1 to 1.2 VOI%, whereas the pure crude oils showed less than 0.3 vol% of sediments at this temperature.
This indicates that flocculation and precipitation of s++r.dten~~i]k~occurred upon mixing of these two crudes resulting in a larger amount of deposition even at a high temperature (50"C). This mixture haa an API gravity of 31.6 and a asphaltene content of 1.1 wt%, The cloud point for this mixture was not determiner.
However it is expected to be below 50"C (see Table l ). From Figure 4 it can be seen that the amounts of sedimentation from this mixture are enormous both at high (50°C) and low temperatures. These results also indicate that the blending of light and heavy crude oils produced in the Campeche Marine zone renrfer irr asphaltene flocculation and deposition.
Further analysis of the sediments horn this mixture revealed that in fact asphaltene had been flocculated out of sokstion.
In order to prevent asphaltene deposition in the process of blending huge amounts of light crude oils with heavier ones, it is necessary to study the phenomenon from fundamental principles.
This will enable the development of predicting techniques for the optimum conditions at which light and heavy crudes can be mixed together without getting to the onset of asphaltene flocculation.
Asphaltene rfepasition can thus be prevented by avoiding the conditions at the onset of flocculation.
Several models have been reported in the literature (3, 10, 11, 18, 19, 20, 21) which successful y predict the onset and amounts of asphaltene precipitation. These models predict the phase behavior of heavy organics, contained in crude oils, under the influence of a miscible solvent as in the ease of miscible flooding or the blending of crude oifs with other reservoir fluids. A brief description of each rrr@felis given below.
Continuous Thermody-amie (CT) Model (3, 10, 11)
Tbe rfegree of dispersion of heavy organics in petroleum oils depends upon the chemical composition of the petroleum (12) (13) (14) .
Deposition of such compounds can be exphrirsed by an upet in the brdance of oil composition. The ratio of polar to non-polar molecules and the ratio of high to low molecular weight molecules in a complex mixture such as petroleum are the two factors primarily responsible for maintaining mutuaf sohrbility. The addition of miscible solvents will alter these ratios. Then the heavy arrdkrr polar molecules separate from the mixture either in the fcrm of another liquid phase, or to a solid precipitate. Hydrogen bondhg and the sulfur-3 and/or nitrogen-containing segments of the separated molecules could start to aggregate (or polymerize) and, as a result, produce the irreversible heavy organic deposits which are insoluble in the liquid phase (oil).
Inasmuch a., heavy organics have a wide range of size, or molecular weight distribution, one may consider such compounds a., heterogeneous polydisperse polymers. Then, in order to predict the phase behavior of heavy organics one can assume that the properties of heavy organic fractions dependend on their molecular weights. To perform phase equilibrium calculations, the necessary condition for chemical equilibrium must be satisfied. This is, Figure 5 shows the comparison of molecular weight of asphaltenes from petroleum crude oil before and after flocculation, as predicted by the model. According to this figure, the fractions of a.,phaltene with high molecular weights tend to depo. ,it earlier that the fractions of a.,phaltene with lower molecular weight.
Sttrit Colloidal (SC) Model (18, 19)
This model is ba.
•ed upon the assumption that heavy organics (a.,phaltenes) exist in oil as suspended particles. ll1eir suspension is a.,sumed to be caused by resins (heavy and mo.•tly aromatic molecules) which are adsorbed to the surface of heavy organic particles and keep them afloat because of the repulsive forces between resin molecules in the solution and the adsorbed resins on the macromolecular (a.•phaltene) surface (see Figure 6) . Stability of such a suspension is considered to be a function of the concentration of resins in the solution, the fraction of a.
•phaltene surface sites occupied by resin molecules, and the equilibrium conditions between the resins in solution and on the a.,phaltene surface. According to thermodynamics, a necessary condition for chemical equilibrium between two phases is that the chemical potential of each component in one phase is equal to its chemical potential in the other pha.,e. Writing this condition for the resins in the a.,phaltene and oil phase one will obtain: 11 asphaltene phase _ 11 �il .
The significance of the SC model is that the a.
• Because of the surface characteristics of a.,phaltene particles, an attempt to increa.
•e the surface area will require energy to be spent. Because the surface of a.
•phaltene particles is in a higher free energy state than the bulk solution (oil) a spontaneous tendency exists for the surface area of asphaltene particles to achieve a minimum value. Therefore, there exists a built-in tendency to spontaneously flocculate and precipitate unless prevented by other stabilizing factors. The flocculation process, affected by the collision between particles, is assisted by thermal motions of molecules of the dispersion medium. In order to account properly for the phenomenon of aspha!!ene deposition a model mu. ,t incorporate the following: ll1e kinetic.
• of .such an aggregation are a.,sumed to obey the following mechanism.
Ai + A; ------>
where Ai is the clu.
•ter of mass mi, and K 1 i is a concentration-independent kinetic (or collision) kernel which describes the aggregation mechanism. [22] [23] [24] [25] 1995 
The corresponding rescaling of time (from t to t') will be t-b The fractal dimensions D are determined for dw = 2 (random walk).
Because resin molecules are responsible for asphaltene particle peptization, one must consider, also, the effect of resin concentration on the kinetics of growing a.�phaltene clusters. Thus, the exponent w which characterizes the effective a.sphaltene-cluster-surface area that is available for interaction with other clusters in aggregation and growth process, The method presented here is ba.�ed on the fact that for most pure liquids and for many suspensions visco.
•ity is independent of shear stress and velocity gradient, provided the flow is in the laminar regime and the fluid is Newtonian. However, for other solutions and su. spensions deviations from the Newtonian behavior are observed. The main causes of non-Newtonian viscosities are, in many instances, the inter-particle interactions, assymetry and orientation of the su. •pended particles. Fluid-particle and particle-particle interactions depend largely on the particle size, shape, concentration and surface characteristics. Particle size determines to a large extent the nature and relative significance of the forces governing suspension rheology and hydrodynamic behavior, while concentration determines the level of interparticle interactions. Non-Newtonian effects are important even at low concentrations for suspensions of rigid non spherical particles. For the case in which the suspended particles are spherical the non-Newtonian behavior becomes important at higher concentrations (interparticle interactions are more intense).
In general, suspended particles affect the flow characteristics of the ho. •t fluid resulting in an increa.1ed viscosity. The problem of relating visco.
•ities of colloidal su. spensions to the properties of dispersed particles has been the subject of numerous experimental and theoretical considerations (42-50).
Einstein (42) concluded that the effect of dispersed particles on the viscosity of a suspension depends only on the total volume they occupy and is independent of their size. However, this is valid only for highly dilute suspensions of rigid, spherical, unisize, and non-interacting particles.
Sherman (43) and Rutgers (47) found that at moderate concentrations, the disturbance..• in the regions of flow around the particles are sizable, and they become more important for non-spherical and/or deformable particles. Although these findings are applicable to moderately concentrated suspensions, and account, to some extent, for non-rigidness; they consider only particle-solvent interactions but not particle-particle interactions (i.e. aggregation).
For the ca.
•e in which particles interact to form aggregates of different sizes and shapes, Gille..•pie (45) studied the effect of particle aggregation and particle size distribution on the vi. •cosity of Newtonian suspension.
• arriving at the conclusion that these effects resulted in an increa.�e in the relative viscosity of the suspension.
Figures 8, 9 and 10, taken from reference 40, show the viscosity curves 6 for the Mexican Maya and Isthmus crude oils with their respective onsets of flocculation as detected by the new method. These two crude oils were selected for this analysis because Maya is heavy with a density of 0.9164 glee at 2S"C and an asphaitene content of i2.38 wt%, and Isthmus is light with a density of 0.8357 glee at 26.5"C and an asphaltene content of 1.9 wt%. For the Maya crude oil three different precipitating agents were used, n-pentane, n-heptane, and n-nonane. Whereas for the Isthmus crude oil only n-heptane was used. For bolh crude oil samples two reference systems were considered using non-precipitating solvents such as toluene and THF S for comparison purposes (fHF-S is a 64.333% solution of toluene in THF, this solution has approximately the same kinematic viscosity as that of n-heptane). As can be seen from these figures the onset of flocculation is detected by observation of a strong deviation in the viscosity curve as compared with the reference system (foluene and THF-S curves). The main goals here is to explain the mixture-viscosity trends and to validate the proposed technique from a theoretical standpoint.
Theoretical anaJysjs for the proposed new method
The new methodology proposed by the authors (40) to determine the onset of asphaitene deposition has proven io be equally successful for both heavy and light crude oils. This is an advantage since the previous � chniques h � ve the limitation of being applicable only to either heavy or light crude mis but not to both. Therefore, it is worthwhile to perform a theoretical analysis to explain the role of viscosity in the determination of the on.
•et of asphaltene flocculation. In order to do so, we need to funher examine the experimental data to see whetJ,er more information could be extracted.
Looking at the definitions for viscosity presented in the literature, one � efinition which is important indeed is the specific viscosity (or specific mcrease on the relative viscosity) defined as: The . specific viscosity is of extreme importance for it provides 1 � for � auon about the effect of the presence of the particles on the viscosity of the suspension. Therefore, by plotting specific viscosity versus particle volume fraction one can see the net effect exerted by the suspended particles. These types of plots may also allow tJ1e determination of the intrinsic viscosity (characteristic for all colloidal systems) by extrapolating to zero-_ p:""ticle-volume-fraction. l11e relative viscosity (TJJTJo) can also be uuhzed for the analysis of the effect of particle concentration on the behavior of the suspension.
In order to perform the data analyses mentioned above, either through the use <;> f specific or relative visco.•ity, one must know the viscosity of the suspendrng medium. In the case of crude oil-precipitant mixtures the suspending medium would be the asphaltene-free liquid phase. Ther;fore, one must find ways to measure or determine the viscosity of the crude oil precipitant mixtures in the absence of the a.•phaltene particles. This can be done if the a.
•phaltene fraction of the crude oil is separated a.• a preliminary step and then measure the viscosity of crude oil-flocculant mixtures. Howev � r, given the complexity of the ua ixtuie and tbe difficulty of the separallon step this protocol is highly unlikely lo be reliable. Therefore, a different way of estimating the visco.
•ity of the suspending medium must be followed.
In the development of the new technique for the onset of asphahene flocculation (40) toluene and THF-S were used as reference solvent.
• due to the fact _ that they �id nol cause precipitation and because the solutions they form with crud_ e o ! ls were Newtonian. We may then lake advantage of thi.
• fact on � e aga1 � 10 or�er to estimate (or predict) the viscosity of the s � spend1 ?, g medium which from now on will be called "the background VL�C0.�1ty . •ed on _ tl � e fact tl1at the large aggregates produced at high dilution ratios are not ng1d structures and they may break easily upon shaking or due to shear stresses experienced by the aggregates during viscosity measurements. Also, at these high dilution ratios the Brownian motion and interparticle interaL1 ions are dominated by hydrodynamic effects.
Predjctjon of the background xisco,•iiY
Effect of nrecinitating solvent concentration on asnhahene particle size and shape Some of the L-rucial aspects one must focus on when trying to account for
J. Escobedo and G.A. Mansoori
Asphaltene [22] [23] [24] [25] 1995 the effects of suspended particles on the rheology of suspensions, such as asohaltene-crude oil-orecioitating solvent systems, are particle co. ncentration, shape,· inte. rparticle interaction, and particle size distribution which determine, to a large extent, the flow behavior and hence the specific viscosity of a suspension.
As mentioned eariier, as the concentration of the precipitating soivent in the mixture increases, the average particle size increases as well (see Figure 3 of reference 7) . Therefore, we may try to find means to determine the effective volume fraction of asphaltene particles in the suspension. .sphaltene clusters could be a.• high a. • 250+-µm (depending on the crude oll) lf). 1nese paruc1e diameters are weii beyond the Brownian range and therefore hydrodynamic effects dominate the picture. Also, experimental observations demonstrated that these large clusters are not rigid and can easily be fragmented by shear stresses (i.e. agitation). Thus, it is expected that during viscosity measurements these iarge ciusiers wiii break up and the resulting fragments recombine due to shear stresses resulting in a decrease in the effective volume fraction.
It may be concluded that presence of su. spended particles results in an increase in the relative (or specific) viscosity of the suspension. Furthermore, this increase becomes remarkable at the onset asphaltene flocculation. Thus, this onset point can be determined with the present technique very accurately.
Heavy Orcaaic Depositioa iD Wells or tbe Fields Tecomiao1c11 11d Jujo i1 Meiico [S6)
There is another class of heavy organic deposition which is not induced by the addition of miscible solvents. It is not caused either by blending a crude oil with other petroleum fluids (as in the previous two cases). This type of heavy organic deposition takes place during primary recovery production operations. Here, d1ere is no miscible injection and the crude oils are produced by natural drive forces which prevail inside the reservoir. In this case the phenomenon of deposition is induced solely by hydrodynamic effects as well as compositional changes that take place during the production proce. ss.
We present next the case history of heavy organic deposition in mexican oil fields.
1l1e Tecominoacan and Jujo oilfields are formed by two lithological zones, the first is the lower cretaceous sandstone (calcareous) and the second is th e lower cretaceous and upper jura. Recently [58] a severe reduction in light-oil production from the Tecorninoacan and Jujo oilfields in Chiapas-Taba.sco area was experienced. It wa.s found to be due to heavy organic deposition on the walls of the pr n,luetinn tuhin g _ 11,i� lP:d tn A rP. dnetinn in thP: flnw Arfl:A nf thfl: weJI an,I in some cases it resulted in complete plugging of the production tubing. A well workover had to be performed to re-initiate production operations, the economic implication of which were severe. It was suggested that chemical and/or mechanical removal of the organic depo. sits was the fastest way to remedy the problem (58]. A blended solvent, named "IMP-System", capable of dissolving the major fraction of organic deposits of the Tecominoacan and Jujo oilfields, wa.s developed by trial and error using a laboratory-scale extraction unit simulating the well conditions (58]. Table 3 contains characterization data of crudes and deposits from Tecominoacan Field. From this table we notice that organic deposition ha.
• occurred during the production of a light crude with a relatively small a.spl1altene content. The difference in the metal contents of crudes and deposits reported in Table 3 indicates that while asphaltic compounds precipitate they carry with them the metal content of the crude. we also notice that the resin content in the crudes is relatively high (8-9 wt%) compared to a.�phaltenes concentration (1-1.5 wt%). It has been found (59) that a.spl1altene content of a crude may be Jess important than the resin concentration in the flocculation process. In other words, we may find a crude wid1 1 high content of a. sphaltene and no deposition problem if the amount of resins (peptizing agents) is large enough to keep the asphaltene particles su. �pended in the solution. For instance, production of the Maya crude in Mexico with an a.1phaltene content of 16-18 wt%, and a large content of neutral resins (more than 23 wt%) does not present any asphaltene depo.•ition problem (60). The data in Table 3 suggests that the resin content in the. se crude oils may be enough to stabilize the small amount of a.sphaltenes present. Therefore, heavy organic deposition is hardly expected to occur. Neverd1ele. 1s, according to ----------------= ---� ------------ ------------------------------ As we can see the heavy organic deposition phenomenon inside a well is very complex. In order to develop a model capable of describing the behavior of heavy organics during the production process one has to account for the streaming potential generated and for the effects of this _______________________________ ..J"Jtential on the a.�phaltene aggregation. One ha.� to account also for the deposition is observed causing severe problems. TI1is peculiarity can be eir.plained by comparing the resio/asphaltene ratio in the T-127 crude (5.87) with that of the deposit sample collected from the same crude (0.24). This suggests that in the deposition process the a.sphalteoe particles are probably depepti:zed to a certain extent but not completely. A po. ssible explanation for this could be that the streaming potential generated by the flow of charged asphaltenes is large enough to break the stability of the micelles. This would then result in desorption of resins from the asphaltene particle surface leaving empty sites. If two asphaltene particles collide with one another on their empty sites aggregation takes place, a process which is irreversible (21] The streaming potential generated <luring production of the crude oil under study was estimated using the model proposed by Leontariti.
• and Mao.�oori [18) Figure 18 shows these field data. According to these data, for the majority of the wells deposition occurs after the bubble point pre. ssure is reached (i.e. in the two pha.�e region). It is well known that as crude oil flows through the well tubing pressure drop.
• gradually. When the bubble point pressure of the crude oil is reached, the light fraction.� of the crude oil are relea.�ed. This is thought to prevent the asphalteoe deposition, since the concentration of the light hydrocarbons dissolved in the crude decrea.� gradually as it moves through ihe iwo-piuL(e envel ope n:�giun (62). There exists no fundamental L' 1eory at the present time by which one would be able to explain why the Mexican crude oils present heavy organic deposition in the two pha.•e region. For this rea.�on we believe that more theoretical studies should be performed to elucidate the behavior of heavy organic. � during flow conditions.
Due to the charge nature of the asphahene particles, it ha. � been 350 effect of eddy and Brownian diffusivities on the rate of particle deposition. We must also take into consideration the appearance of the gas bubbles once the bubble point pressure of the crude oil is reached. This gas bubbles will certainly have an adverse effect on heavy organic deposition. When sour crude oils are produced, as is the ca.�e in Mexico, the walls of the production channel may present an increased roughness due to corro. �ion. This will also affect the deposition process. Figure 18 shows a schematic representation of a producing well. We notice that as the bubble point pressure of the crude oil is reached gas bubbles. As the crude oil proceeds through the well different flow regimes are observed according to the gas-bubble size. This phenomenon only enhances the complexity of the deposition mechanism.
In what follows we perform a theoretical analysis of the effect of eddy and Brownian diffusivities on the rate of oarticle deposition during turbulent flow conditions. The work prese;ted here i; only the first building block towards the development of a comprehensive model for the behavior of heavy organics during flow conditions. It ha.
SOLID PARTICLE DEPOSITION DURlNG TURBULENT FLOW CONDITIONS (63)
• been observed experimentally that even in the sub)aminar layer near the wall a slight amount of eddies is pre. sent (64). However, it cannot be measured or correlated based on experimental observations. � eve � � les _ s, empirical correlations have been proposed for the eddy diffus1v1ty 10 the turbulent boundary layer as we will see later. These correlations are ba.�ed on analogies with the laminar diffusion boundary layer (64,71) .
The theoretical analysis that follows has been done for a system of constant density, and viscosity. Tnerefore it is awlicable to the region above the bubble pressure where only the liquid phase is present. However, it could be extended to the region below die bubble point (gas-liquid) if reliable correlations for viscosity and density versus pressure and composition are available. Because of the scarcity of such correlations, 9 and because multi-phenomena occur in the two phase region of the well tubing (i.e. release of the light ends of the crude, chemical composition variation, etc) which affect the diffusivity of the suspended particles, no attempt is made to extend this model to that region. The assumption of constant viscosity, and constant density is partly justified since density changes are not appreciable until the bubble point pressure is reached inc-iAP thP utP11, Tt ic Alen accumP.cl th2it CIH' l)P.ntlP.d p a.rtir.lP.� are all nf the same diameter, and that interactions between them are only due to their Brownian and eddy motion (i.e. we have neglected particle-particle interactions).
If we assume that the thickness of the boundary layer is very small compared to the radius of the pipe, then we can neglect any curvature effects. Thus, the equation used to describe the particle flux, N, in terms of the diffusivities and the concentration gradient is:
DB is the Brownian diffusivity <D e= KeT) ; K 8 is the Boltzmann � constant (1.38Xl0 -16 g-cm 2 /molecule-°K-s); T is the absolute temperature; d is the particle diameter; µ is the viscosity of the suspending medium; E is the eddy diffusivity; C is the particles concentration; and r is the radial distance. Eq. 29 is subject to the boundary condition, at r = S, C = Cs. Cs is the particle concentration at r = S, where S is the particle stopping distance measured from the wall. The concept of a stopping distance was first postulated by Friedlander and Johnstone in 1957 (66). They argued that a particle needs to diffuse only within one stopping distance from the wall, and from this point on, due to the particle momentum, it would coast to the wall. For small particles the stopping distance is small compared to the boundary layer and consequently diffusion dominates. The proposed expression for the particle stopping distance is (66, 67):
Pp is the density of particles; Vavg is the Crude oil average velocity; f is the friction factor Eq. 29 may be integrated following the procedure for the calculation of temperature drop across a composite wall. We will find the concentration profiles from point to point across the boundary layer. That is, we will calculate the concentration differences through the sublaminar layer, the buffer region and the turbulent core. By adding these concentration differences we can find the overall particle flux in terms of the average and wall concentrations.
Before 
Eqs. 38 and 39 describe the particle transport in term.
• of the concentration difference between the limiu of die buffer layer. The following step is the calculation of tl1e particle transport rate in terms of the difference between the concentration at r+ = 30 (upper limit of the buffer layer) and the bulk concentration (average cone.). The eddy diffusivity for the turbulent core is taken to be (71):
If we assurr.e that at V = V avg ' C=C avg ' then we could integrate Eq. 29 using Eq. 40 lo obtain: s � s
We add Eqs . 42 and 43, solving for K we get:
Vavg'Vf/2. With the previous analysis we have found analytical expressions for the mass transfer coefficient for different particle sizes in term� of the dimensionless stopping distance. Inertial effects are also taken into co1L,ideration. For details see reference (63) The analysis for particle deposition onto the walls of a flowing channel from turbulent fluid streams is concluded by taking into account the inertial effects L� in Eq. 46. At this point all the parameters influencing the deposition rate (Brownian diffu.�ivity, eddy diffusivity, and inertial effects) have been taken into account.
K-----------�--------�

COMPARISON OF THE PROPOSED MODEL WITH EXPERIMENTAL DATA AND OTHER MODELS
In order to apply the preceding analysis to particle deposition during turbulent flow production operations we must compare the theoretical predictions against some experimental data. Unfortunately experimental data for particle deposition from turbulent flows is very scarce. There is however more data for deposition from aerosols than from liquid suspensions. We do comparisons here for particle deposition from turbulent gL� streams. The results of this analysis for particle deposition from turbulent fluid stream, are in good agreement with the experimental deposition rates for iron particles in air (66, 67) Figure 21 shows the experimental deposition coefficient data (66, 67) for 0.8µ and 1.57µ iron particles suspended in a turbulent air stream at 298°K (pipe diameter is 1.3 cm). It also shows the experimental data for 1.81µ aluminum particle. � suspended in a turbulent air stream at 298°K (pipe diameter is 1.38 cm). From Figure 21 one can notice the fairly good prediction capabilities of the propo.,ed model for all the three sets of data.
In Figure 22 we examine the effect of pipe diameter on the tran.,port coefficient. 1l1e results presented in this figure correspond to 0.8µ iron particles suspended in flowing air at 298°K. As we can see from Figure 22 there is a dramatic decrease in the transport coefficient as the diameter of the pipe increases. This is not surprising, since the larger the diameter the longer the distance particles have to travel prior to deposition.
Vle have also Siudied the effect of paa-JcJe dia1neter on the transport coefficient for various Reynolds numbers as reported in Figure 23 . These results were obtained for iron particles in air at 298°K flowing through a pipe of 0.54 cm inner diameter. From this figure we can notice that the curves have the same shape as tho.
•e predicted by Beal (69) for Aitken nuclei, drops of tricresyl pho..�phate, and polystyrene spheres. There is no numerical data for these particles reported in Beal's paper and no experimental data for iron particles. A� a result we may conclude that this analysis for the effect of particle diameter is qualitatively correct. From Figure 23 we can notice a decrease in transport coefficient with increasing particle diameter and at a certain particle diameter a minimum is reached after which a sharp increL•e in the transport coefficient is observed. An explanation for this is that in the left-hand-side of the minima (small particles) the process is diffusion controlled whereas in the right-hand-side of the minima Oarge particles) the process is momentum controlled.
MODEL PREDICTIONS FOR SOLID PARTICLE DEPOSITION INSIDE TUBINGS AND WELLS
Despite the good agreement of the present model predictions with experimental data of Friedlander and Johnstone (66, 67), it does not indicate that it could be applicable to predict the behavior of solid particles in turbulent flow production operations (liquid phL•e). In order to ju. �tify the validity of the proposed model for this purpose one has to determine experimentally the solid particle deposition coefficients in a turbulent crude oil flow, and compare them with the model predictions. However, no experimental data is reported in the literature regarding this subject. 1l1erefore, we believe the model is good enough to make, at least, qualitative predictions of the solid-particle deposition coefficient from turbulent crude oil flow, and is u.�ed as such. Figure 24 shows the predicted transport coefficients for solid particles as a function of particle diameter for variou.
• crude oil production rates. The particle size. � analysed ranged from 50A to 200µ. The results presented in this figure were obtained for a crude oil with a gravity of 30.21°API and with a kinematic visco.•ity of 11 centiStokes (cSt). We can notice from Figure 24 that the transport coefficients are in general small except at high production rate. � and for very iarge particles. As in Figure 23 we notice a minimum after which the transport coefficient increases more rapidly with increa.�ing particle diameter this is due to the fact that at this point the depo.�ition process is momentum controlled. Judging from Figure 24 , the amounts of particle deposition expected from turbulent crude oil production may be very small when the diameter of the suspended particles is less than lµ. However, higher amounts of deposition may be expected when the suspended particles have diameter larger than 1 µ specially at high production rates when the turbulence is high.
We performed model predictions varying the kinematic viscosity of the crude oil to study the effect of this parameter on the deposition coefficient. Figure 25 shows the predicted values for a crude oil containing suspended particles of lµ in diameter. We can see a decrease in the deposition coefficieou with incn:asiog kioc111aUc vi:icu:1ity. Thi:1 uu;auS ti'iat the lighter the crude oil the higher the probability of having particle deposition. We also notice an increase in the transport coefficient with increasing production rate. However, these predicted values are still very -11 .
It should be emphasized here that the calculations performed for crude oils (Figs. 24 and 25 ) must be taken as qualitative. In order to obtain more quantitative conclusions, the proposed models for solid particle deposition must be compared with actual experimental deposition data from crude oils. However, these data are not available at the present time.
CONCLUSIONS
In this paper we have presented an overview of the cumbersome heavy organic depo. �ition problem. The causes, effects and preventive techniques for this deposition phenomenon have been outlined. For the case of particle deposition during turbulent flow conditions we have introduced a theoretical analysis of the effect of eddy and brownian diffusivities on particle depo. sition rates.
The model developed for particle depo. sition onto the walls of a pipe from a turbulent fluid stream shows a fairly good agreement with the available experimental data. Furthermore, the agreement with the experimental data is better than the models propo. �ed earlier by Friedlander and Johnstone, and by Beal. For the. se reasons, it can be used to predict solid particle deposition rates from turbulent flow production operations, in a qualitative fa.�hion. The effect of parti cle siZe on the deposition coefficient was investigated finding that when the depo. sition process is diffusion controlled (particles with diameter < lµ) the predicted values are very small. However, when the deposition process is momentum controlled (particles with diameters > lµ) the predicted values for the transport coefficient increase more rapidly with increasing particle diameter. We also investigated the effect of crude oil kinematic viscosity on the transport coefficient. We found that transport coefficients decrea.•e with increa.sing crude oil kinematic viscosity. For kinematic viscosities 12.16 cSt the predicted transport coefficienu are negligible for suspended particles of lµ. We also found that transport coefficients increase with increa.sing production rate this is due to the fact dial at larger production the amount of eddy diffusion is bigger. The propo. sed model can be used for various cases of particle depositions from turbulent flows whether it is asphaltene, paraffin/wax crystal, or sand so long as the particles are neutral and their sizes are stable and there are no phase transitions occurring in the flow. However, in ca.ses where such changes are occurring in the system this model will require sub. stantial modifications. 21 21 
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